Introduction
In recent years, some heavy metal ions present at very low concentration (e.g. sub-μg dm -3 ) in natural water have attracted considerable attention in the research fields of geochemistry and environmental chemistry. 1 Iron is included in those trace metal ions. Although widely distributed in the environment, the behavior of dissolved iron species in natural water has not been completely understood.
Furthermore, information on the chemical forms of iron in nature, e.g. the oxidation states, may be useful for better understanding iron geochemistry.
For the purpose of speciation analysis of metal ions in natural water, analytical methods involving some chemical reactions, such as absorptiometry or fluorometry, are expected to be much more effective than analytical methods such as inductively coupled plasma atomic emission spectrometry (ICP-AES) or ICP mass spectrometry (ICP-MS), because the latter two methods have to be used together with some mutual separation method of target chemical species, which may cause species alteration. On the other hand, since the methods using chemical reactions do not have sufficient sensitivities for target chemical components present at μg dm -3 , they also have to be incorporated with some troublesome preconcentration method, which may also cause species alteration.
Highly sensitive analytical methods using chemiluminescence had been reported, and a method using luminol (5-amino-2,3-dyhydro-1,4-phthalazinedione) is well established for trace iron determination. 2 Because of the poor selectivity for target iron species, however, some pre-separation methods have to be used together.
It has been confirmed that solid-phase spectrometry (SPS) 3 is very effective for this purpose. The flow method of SPS (FI-SPS) was also successfully applied to the selective determination of metal ions in different oxidation states. 4 In the case of iron determination, there are some reports on SPS or FI-SPS. For example, SPS using a Fe(II)-1,10-phenanthrolin (phen) complex adsorbed on the cation-exchange resin, 5 Fe(II) complex of 2,3-dichloro-6-(3-carboxy-2-hydroxy-1-naphthylazo) quinoxaline on the anion-exchange resin, 6 FI-SPS using Fe(II) complex of 4,7-diphenyl-1,10-phenanthroline 7 or Fe(III)-thiocyanato complexes 8, 9 adsorbed on the anion exchanger packed in a flow-through cell were applied for trace iron determination. Bead injection (BI) spectrometry 10 is a very powerful method for widening the applicability of FI-SPS. Also, BI-FI-SPS was applied on an iron determination method using the Fe(II)-phen complex. 11 Of course, the already reported methods have both advantages and disadvantages, but all of these methods require the addition of a reducing or an oxidizing agent for the speciation analysis of iron in different oxidation states, which may cause an inevitable contamination of sample solutions, and may lower the reproducibility, especially for the determination of very dilute sample solutions.
Nitrosophenol and nitrosonaphthol derivatives have been synthesized as selective and highly sensitive coloring reagents for metal ions, such as cobalt, 12 iron, 13 rare earth elements 14 and nickel. reagent is suitable for iron speciation analyses in different oxidation states because the complex of Fe(II) with PSAP shows maximum absorption at 756 nm with high molar absorptivity (10 4 -10 5 order); this maximum absorption wavelength is quite different from that of the other metal complexes with PSAP. On the other hand, Fe(III) also forms a red complex with PSAP, and both Fe(II) and Fe(III) complexes are quantitatively adsorbed on anion-exchange resin. 17 Through this study, it was found that the Fe(III)-PSAP complex was readily reduced to the Fe(II) complex in a neutral to weakly alkaline pH region only when the Fe(III) complex was adsorbed on the anion exchanger. This reduction reaction was completed within a few minutes, but was not observed below a pH about 5. These properties of the Fe-PSAP complex could be utilized to FI-SPS for the determination of Fe(II) and total Fe. Even if the absorbance at 756 nm, the peak wavelength of Fe(II)-PSAP complex, is monitored, the concentrations of Fe(II) and total Fe could be determined only by changing the pH of the outer solution of the anion exchanger.
In this paper, FI-SPS for the selective determination of Fe(II) and Fe(III) without using any reducing agents, which can fully exploit some interesting properties of Fe-PSAP complex, is mainly described. The optimized conditions, validity and appropriate storage of sample solutions were also well confirmed together with the applicability of this method to determine trace Fe in different oxidation states in water.
Experimental

Chemicals
All chemicals used were of analytical grade. Demineralized water prepared with a Milli-Q SP system (Millipore, Milford, MA) was used throughout. The standard Fe(III) solution (1000 mg dm -3 ) was supplied by Kishida (Osaka, Japan 3 with water. A desorbing agent solution for the regeneration of the anion-exchange gel packed in the flow-through cell was prepared by dissolving 160 g of ammonium nitrate into a mixed solution of 10 cm 3 of concentrated nitric acid, 690 cm 3 of water and 300 cm 3 of acetone. QAE-Sephadex anion-exchange gel in the chloride form (medium, GE Healthcare Bio-Sciences, Uppsala, Sweden) was packed into a flow-through cell. Chelex 100 chelating resin in the sodium form (50 -100 mesh, Bio-Rad, Richmond, CA) was used for the packing of an on-line purification column for the carrier solution.
A PSAP solution (10 -3 mol dm -3 ) was prepared by dissolving 0.03 g of the reagent into 0.05 cm 3 of hydrochloric acid before dilution with water up to 100 cm 3 . The coloring reagent solution was purified before use by making the solution pass through a column packed with QAE-Sephadex at pH 7.3.
Apparatus
The light measurement system used for this study was described in a previous paper. 18 Light measurements were made with a multi-channel photo detector (Model MCPD-2000, Ohtsuka Electronics, Osaka, Japan), which was connected to a bundle of optical fibers (200 μm i.d.) to guide the transmitted light through the solid phase in the flow-through cell. An iodine lamp was used as a light source, and the incident light was radiated to the solid phase in the cell through another bundle of optical fibers.
The flow-through cell used was black sided and the light path was 10 mm in length, 1.5 mm in diameter. 18 
Procedure for the determination of Fe(II) and total Fe in sample solutions
In the case of preparing standard sample solutions for making calibration graphs, to a 10-cm 3 solution containing appropriate amounts of iron (0 -10 ng for Fe(II) and 0 -20 ng for Fe(III)), 0.5 cm 3 of the hydrochloric acid and 0.1 cm 3 of the coloring agent solution were added. Then, 0.5 cm 3 of ammonia water, 0.5 cm 3 of the acetate buffer solution and 0.2 cm 3 of the surfactant solution were added to the solution before dilution with water up to 20 cm 3 . In the case of natural water samples, water was immediately filtered through a 0.22-μm cellulose nitrate membrane filter at the sampling sites. After filtration, 95 cm 3 of the samples were acidified by adding 5 cm 3 of the hydrochloric acid, and then the acidified sample solution was stored in a PTFE container. To a 10-cm 3 aliquot of the acidified natural water sample, 0.1 cm 3 of the coloring agent solution was added. This solution was further prepared in the same manner for preparing standard sample solutions.
The flow system used in the proposed method is shown in Fig. 1 . The carrier solution was first passed through an on-line column (2 mm i.d., 10 cm long) packed with Chelex 100 to remove some metal ions in the carrier solution which can form the colored complex with PSAP and cause an increase in blank signal. A 3.2-to 4.0-cm 3 of the sample solution (pH 5.0) was inserted into the carrier solution stream (pH 5.0) by means of a PTFE six-way rotary valve, and then the colored complex in the sample solution was concentrated on an anion exchanger in the flow-through cell. The difference between the attenuance at 750 nm for the Fe(II) complex and that at 1000 nm, where there is no light absorption by the PSAP complexes, was monitored. The increase in the absorbance from the baseline (ΔA) due to accumulation of the Fe-PSAP complex on the anion exchanger in the cell was directly and continuously monitored and recorded. At this pH, the concentration of Fe(II) in sample solution was first determined. After the buffer solution stream was switched from acetate into HEPES (pH 7.3) by using another six-way rotary valve, the concentration of total Fe was determined, because the Fe(III) complex in the solid phase was immediately reduced to the Fe(II)-PSAP complex. After each measurement of total Fe, the desorbing agent solution was introduced into the flow stream by means of another PTFE six-way rotary valve.
Results and Discussion
Characteristics of PSAP complexes
It has been reported that respective molar ratios of Fe to PSAP under neutral pH were 1:4 for Fe(II) 16 and 1:2 for Fe(III). 19 It has also been reported that the first and second acid dissociation constants of free PSAP are 2.74 and 8.45, respectively, 20 and it could be thought that the complexes have negative charges under the neutral condition. Actually, these complexes were concentrated in an anion exchanger phase. The anion-exchange gel of QAE-Sephadex was selected as an adsorbent because of its lower absorption background than other anion exchangers, such as polystyrene type anion-exchange resin. The distribution ratio (D) of each PSAP complex on QAE-Sephadex was 7000 to 15000 in the pH range from 5 to 9. The free PSAP also has negative charge in this pH range, but the D value was much smaller than that of the Fe complex (100 to 300). Figure 2 shows the absorption spectra of Fe(II) and Fe(III) complexes in solution ( Fig. 2(a) ) and in the solid phase ( Fig. 2(b) ). In solution, the Fe(II) complex is a green complex, which has two absorption peaks at around 750 and 420 nm, while the Fe(III) forms the red Fe(III)-PSAP complex. As shown in Fig. 2 , the absorption spectrum of the Fe(II) complex in solid phase was the same as that in solution. On the other hand, the spectrum of the Fe(III) complex in the solid phase was identical to that of the Fe(II) complex in the solid phase, and quite different from that of the Fe(III) complex in solution. These results indicated that the Fe(III) complex in an anion exchanger was easily reduced to the Fe(II) complex without any reducing agents. Although this reduction reaction of the Fe(III) complex also proceeded in solution, its reaction was very slow, and only 5% of the Fe(III) complex were reduced within 24 h. Therefore, it could be concluded that the reduction of the Fe(III) complex was accelerated only when the complex was adsorbed on an anion exchanger. The reduction conditions of the Fe(III) complex in the solid phase was therefore examined in detail, and it could be confirmed that the type of anion exchanger, the concentration of PSAP and the kind of buffer solution had no effects on the reduction reaction. Unlike the Fe(III)-phen complex, [21] [22] [23] the Fe(III)-PSAP complex was not reduced by irradiation of the ultraviolet (or visible) light in a weakly acidic medium. It could be confirmed that only the pH of the outer solution of the anion exchanger sorbing the Fe(III)-PSAP complex had a great effect on the reduction reaction. The extent of the reduction of the Fe(III) complex in the solid phase packed in the flow-through cell was examined in the pH range from 4 to 9; the results are shown in Fig. 3 .
Reduction of the Fe(III)-PSAP complex
The reduction degree (RD), which represents the extent of reduction of the Fe(III) complex, was defined as
where ΔA750Fe(III) is the absorbance increase from the baseline at 750 nm, which was monitored 5 min after the 1 μg dm -3 Fe(III)-PSAP solution introduction into the flow system; ΔA750Fe(II) was that obtained by the 1 μg dm -3 Fe(II)-PSAP solution introduction. The reduction degree can be related to the amount of the Fe(II)-PSAP complex that resulted from reduction of the Fe(III)-PSAP complex sorbed on the solid phase. Above pH 7.0, it was confirmed that almost all of the Fe(III) complex was reduced within 5 min, only by being sorbed on the QAE-Sephadex. On the other hand, the reduction degree gradually decreased with a decrease in the pH, and at pH values below around 5, the reduction of the Fe(III) complex in solid phase was not observed. Figure 3 shows the possibility that the concentration of Fe(II) and the total Fe could be individually determined at around pH 5.0 and above pH 7.0, respectively. For the complexation of Fe with PSAP (L), the mechanism of this redox reaction could be illustrated by assuming water to be an electron donor, and expressed as follows: where EFeL is the formal redox potentials for the Fe complex under the constant ionic strength in the solid phase, and PO 2 the equilibrium partial pressure of dissolved oxygen. At PO 2 = 0.2 atm, this equation can be rewritten as
where EFeL* = EFeL -(0.059/4)log PO 2 . At the redox equilibrium, Eq. (4) can be obtained:
Equation (4) indicates that the concentration ratio of the Fe(III) complex to the Fe(II) one is controlled by the pH and the concentration of free PSAP in the solid phase. Although EFeL* was unknown, RD can be calculated by using Eq. , respectively. In this case, the experimental values were approximately on the calculated curve above pH 6 with a deviation in a lower pH range (Fig. 3) . Although it was unclear why the reduction of the Fe(III) complex was accelerated in the solid phase, there is no doubt that the the Fe(III) complex can be reduced by H2O in the solid phase according to Eq. (2). Figure 4 shows the typical color development profiles of Fe(II) obtained by the proposed system. It was effective to monitor the difference between the attenuance at each absorption peak wavelength and that where no light absorption was observed for suppression of the background attenuance change due to shrinkage of the ion exchanger. 18 The D values of Fe complexes were about 10 4 , and the complexes were not eluted from the solid phase in the flow-through cell after passing more than 20 cm 3 of the carrier solution. 24 The increase in absorbance, corresponding to the amounts of colored complexes adsorbed on the anion exchanger packed in the flow-through cell (ΔA = A750nm -A1000nm), was plotted against the concentrations of the respective metal ions in solution and used for calibration.
Color development profiles
When a blank solution was introduced into the flow system at pH 5.0, ΔA1b was obtained, which was mainly due to the absorbance of the PSAP complex with the inevitable Fe(II) impurities present in the chemicals used. After switching the carrier (acetate) solution stream into the buffer (HEPES, pH 7.3) solution stream, a further increase in the absorbance was observed (ΔA2b). This was due to both the increases in the molar absorptivity of the Fe(II)-PSAP complex and the reduction of the Fe(III)-PSAP complex sorbed on the solid phase also present as impurities.
In the same way as the blank solution introduction, the increase in absorbance due to the adsorption of the Fe(II) complex, ΔA1, was observed when a sample solution containing Fe(II) was introduced into the flow system, followed by a further increase in absorbance due to both the molar absorptivity change and the reduction of Fe(III) complex in the solid phase when the pH of the carrier solution was changed to 7.3. The increase from the baseline, ΔA1 and ΔA2, corresponded to the absorbances related to the concentration of Fe(II) and total Fe, respectively.
When a 3.2-cm 3 solution was used, the calibration graph could be expressed as ΔA1 -ΔA1b = 0.0840CFe(II),
where CFe(II), CFe(III) and CFe(total) were the concentrations of Fe(II), Fe(III) and total Fe (μg dm -3
), respectively. The respective coefficients correspond to the sensitivities of Fe(II) and Fe(III). The calibration graph was straight in a range from 0 to at least 2.5 μg dm -3 of Fe(II) and from 0 to at least 5.0 μg dm -3 of Fe(total) (pH 7.3), respectively.
Effect of coexisting ions
The effects of coexisting ions normally present in natural water (e.g. river water) are listed in Table 1 . The relative errors within ±5% in the Fe(II) concentration was considered to be acceptable. It is well known that PSAP reacts with many other divalent metal ions, such as Ca(II), Cu(II), Mg(II), Ni(II), Zn(II) and so on. 19 Because the complex of each metal ion has an absorption band in the range from 350 to 550 nm in the visible region, these ions did not interfere with the analyses of Fe. Moreover, opposite to the PSAP complexes of Fe(II), Fe(III), the D values of these complexes at pH 5.0 were around 250, and eluted from the solid phase in a short period after sample solution introduction.
Because the Fe(III)-PSAP complex in the solid phase also slightly absorbed the light at 756 nm (the molar absorptivity was about 1/30 of that of Fe(II) complex at pH 5.0), it resulted in a more than 5% positive error for the Fe(II) concentration if Fe(III) exceeded 2-fold the concentration of Fe(II). In the case that the Fe(III) concentration in sample solution was more than 2-times higher than that of Fe(II), therefore, the respective concentrations of Fe(II) and Fe(total) in the mixture were determined by resolving simultaneous equations of Eqs. (6) and (8),
here, a is the coefficient corresponding to the absorptivity of the Fe(III)-PSAP complex (in μg dm -3
) at 756 nm in the solid phase at pH 5.0. When the ΔA750 Fe(III) caused by the introductions of 0 to 20 μg dm -3 of Fe(III)-PSAP solution into the flow system was plotted against the respective concentrations of these sample solutions, a straight line was obtained. From the slope of this straight line, a could be obtained to be 2.78 × 10 -3 . As shown in Table 1 , the concentration of Fe(II) could be determined without a serious positive error, owing to this calculation, even if the Fe(II) concentration was at least 30-times lower than that of the Fe(III) in the mixture. In order to obtain a more exact Fe(II) concentration in the sample solution, it is strongly recommend that the respective concentrations of Fe(II) and Fe(total) in the sample solutions are determined by resolving simultaneous equations of Eqs. (6) and (8) . In this study, however, there were not much chances to meet natural water samples in which the Fe(III) concentration was more than 2-times higher than that of Fe(II), therefore, the Fe(II) concentration could be determined without obtaining a to make the analytical procedures more simple.
It was confirmed that the Co(II)-PSAP complex was strongly adsorbed on the anion exchanger at pH 5.0, and slightly absorbed light at 756 nm. For this reason, Co(II) also induced serious positive errors. Unlike in the case of the Fe(III) complex, however, an attempt to mathematically eliminate the interference from Co(II) was not made because the Co(II) concentration that generally occurred in natural waters is very low (in this study the Co(II) concentrations in natural water was, in most cases, below 0.05 μg dm -3 ).
Storage of water samples
The filtered natural water samples were immediately acidified by adding hydrochloric acid so as to be 0.1 mol dm -3 to prevent the loss of Fe(II) and Fe(III) ions during storage of the water samples. By this acidification, a significant amount of iron species was not lost within 10 days. The alteration of the oxidation state of iron in a sample solution was also examined because Fe(II) was considered to be easily oxidized by the dissolved oxygen, but the change in the oxidation states of each iron species could not be observed for at least 10 days after sampling.
Accuracy, precision and detection limits
Reference water samples whose Fe(II) and Fe(III) concentrations had been certified were not available, therefore, the accuracy was evaluated with a synthetic mixture sample and a standard rock sample. In the case of the analysis of a synthetic mixture sample containing 0.66 μg dm -3 of Fe(II) and 0.42 μg dm -3 of Fe(III), the recoveries of respective ions were 0.67 ± 0.03 for Fe(II), 1.07 ± 0.04 for total Fe (RSDs were ±4.9 and 3.6%, respectively (n = 4)). To evaluate the accuracy of the present method, the total Fe content in a standard rock sample, JR-2 (a rhyolite sample from the National Institute of Advanced Industrial Science and Technology), was also determined. A carbonate fusion method was applied to decompose this rock sample. For four determinations, the obtained value was 0.51 ± 0.01%, which was in good agreement with the certified value of 0.54% as Fe (total Fe2O3 is 0.77%). 25 The standard addition method was also carried out using two kinds of natural water samples. It was clear that the recoveries of added Fe(II) and Fe(III) were almost complete ( Table 2) .
The detection limit in terms of the amount of these metal ions adsorbed on the anion exchanger in the cell was evaluated according to the IUPAC rule (3σ). The calculated values for ten measurements of the blank solution were 0.18 ng for Fe(II), 0.18 ng for total Fe when a 3.2-cm 3 sample solution was introduced. The present method has sufficient sensitivity to determine the concentration of iron present at sub-μg dm -3 levels.
The concentrations of the Fe(II) and Fe(III) in natural water samples were determined by the proposed method, and the results are listed in Table 3 . The results show that respective iron species present at μg dm -3 concentration levels in water (stream water 1, stream water 2 and gorge water 3) could be determined with good precision. In order to assess the validity of the proposed method, the respective concentrations of Fe(II) . b. Fe(II) concentration was obtained using Eqs. (6) and (8) .
and Fe(III) in the Nozumi falls water, in which Fe(III) was spiked so that Fe(III) in the sample solution exceeded 10-fold more the concentration of Fe(II), were also determined. As shown in Table 3 , the Fe(II) concentration in this sample solution could be determined without the effect of Fe(III), whose concentration was about 12-times higher than that of Fe(II).
Conclusion
Unlike ICP-MS, the proposed method does not require some mutual separation for iron in different oxidation states, which may cause species alteration. Although the sensitivity was lower than that of analytical methods using chemiluminescence, the optimized conditions of this FI-SPS method were not as strict as that of the chemiluminescence method. By using less than 5 cm 3 sample solutions, the respective concentrations of Fe(II) and Fe(III) could be determined at a rate of 3.5 samples per hour without the addition of any reducing agents. The sensitivity was higher by a factor of 200 for total Fe and 100 for Fe(II) compared with that of the solution method. It is expected that inclusive information for the alternation of oxidation states of iron in nature will be unfolded if this FI-SPS method could be applied to the analyses of various natural water samples.
